A dynamical coupled channel approach is used to study π and ω-meson production induced by pions and photons scattering from the proton. Six intermediate channels including πN , ηN , π∆, σN , ρN , ωN are employed to describe unpolarized and polarized data. Bare parameters in an effective hadronic Lagrangian are determined in a fit to the data for πN → πN , γN → πN , π − p → ωn, and γp → ωp reactions at center-of-mass energies from threshold to W < 2.0 GeV. The T matrix determined in these fits is used to calculate the photon beam asymmetry for ω-meson production and the ωN → ωN total cross section and ωN scattering lengths.
I. INTRODUCTION
Nucleon resonances are thought to play a decisive role in reactions of strong, electromagnetic and weak probes on nucleons at energies W < 2.0 GeV. The extent to which nucleon resonances determine unpolarized and polarized observables in meson production reactions and the role of non-resonant contributions in these reactions remains an open question in this energy region. Model determinations of the T matrix consistent with the observed meson production data in this kinematic regime seeks to resolve the resonance spectrum of the nucleon. Such a determination offers the possibility of gaining insight into fundamental aspects of quantum chromodynamics, such as the role of chiral symmetry, confinement and a detailed understanding of the correlations among the strongly interacting quarks.
Limited experimental data for ω meson production in the resonance region is being rapidly augmented. There is existing high precision data from the SAPHIR collaboration [1] for the γp → ωp reaction from which the unpolarized differential cross section (DCS) and decay angular distributions have been extracted. Consistent with this data are the more recent measurements of the GRAAL collaboration [2, 3] . More photoproduction data at similar kinematics is anticipated from the CLAS collaboration [4] . The πN → ωN data from bubble and drift chamber experiments is of low precision and there is little overlap in different experiment's [5, 6] kinematics. Though there is some discussion in the literature about the validity of the extracted cross sections [7, 8] we assume the data is correct as originally published.
The importance of including off-shell effects in dynamical coupled channel formulations of strong and electromagnetic meson production reactions has been extensively studied [9, 10] . The present study incorporates off-shell effects in a coupled channel approach and is comparable to the model treatments of Krehl et. al. [10] and Chen et. al. [11] . It should be contrasted with coupled channel calculations which take into account coupling of the intermediate states only to the continuum and neglect their off-shell contributions such as those of the Giessen group [12] and KVI [13] . In the Giessen study, an effective Lagrangian is adopted for the channels πN, ππN , ηN, ωN, KΛ, KΣ. They assume a resonant contribution similar to the one adopted in the present study.
Motivations for studying the ωN reaction are manifold. Besides the insight into the T = 1 2 resonance spectrum and implications for meson production reactions, the vector mesons are thought to be important components in very dense matter in the neutron-rich stellar environment [14, 15, 16] . In nuclear matter, the ωNN coupling can play a large role in determining the equation of state in some models [17] .
Any realistic model reaction theory for meson production necessarily incorporates a large number of parameters. In the non-resonant terms, we require intermediate state particle masses, bare couplings and cutoffs of the hadronic degrees of freedom. For the resonant terms we need the bare masses, bare couplings, and cutoffs for each resonance in a given partial wave. Given this large number of parameters required to fully determine the T matrix the question arises as to the physical and predictive content of such a model. In order to address this question in the present study we take the following approach. We determine the T matrix by fitting a subset of the available date (described in detail in Section III) and using this, calculate another, unfitted observable (here the photon beam asymmetry for ω meson production shown in Fig.15 ). The quality of the prediction of the unfitted observable is a measure of the utility of model in determining more detailed information such as polarization observables from less detailed ones, like unpolarized total or differential cross sections. Deficiencies of such a predicted fit indicate the need to improve the model assumptions and to augment the included dynamics.
In the next section we briefly describe the model theory for the six-channel model. The results of the fit to the data are presented and discussed in Section III. The final section gives conclusions and descriptions for improvements to the present study which are under development and outlines possible applications of the present approach to other reactions including ρ and φ production, pion and ω meson electroproduction and reactions on nuclear targets.
II. MODEL REACTION THEORY
The T matrix for πN → MB and γN → MB -in this work the final MB state is restricted to πN,ωN -is written as a sum of non-resonant, t and resonant, t R contributions
where E = W is the scattering energy of the particles in the center-of-mass frame. Qualitatively, the non-resonant contribution includes rescattering and coupled channel effects on the Born amplitudes while the resonant contribution includes these effects on the bare resonance transition form factors and bare resonance masses. No assumption is made about the relative size of the contributions of these terms. Our first objective in this work is to determine the T (E) in fits to the observed data.
Except for the πN → πN reaction where we fit to energy dependent solution of Arndt et. al. [18] for the πN → πN partial wave amplitudes, we fit the unpolarized and polarized cross sections of the γ and π induced reactions. The DCS for π induced reactions is related to the T matrix as
where k is the relative momentum of the initial πN state and k ′ is the relative momentum of the final meson-nucleon (M ′ N ′ ) state, where M ′ = π or ω. The spin projection of the
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The v πN,γN and v ωN,γN interaction mechanisms. For photoproduction of π mesons: (a) s-channel nucleon; (b) u-channel nucleon; (c) t-channel π, ρ, and ω; (d) contact; (e) s-channel∆;
where T is the total isospin and T N,z is the isospin projection of the nucleon in the initial state, J is the total angular momentum of the partial wave, L(L ′ ) is the partial wave orbital angular momentum of the initial(final) state, S(S ′ ) is the total intrinsic spin of the particles in the initial(final) state and
is the πN initial state orbital angular momentum.
The included partial waves are shown in Table I . Channels are defined by the meson species 
E i (p) are the free particle energies with masses given in Table II and Σ M B (p; E) is the self-energy of the unstable particle in channels MB = π∆, σN, ρN including the effects induced by the decay of the unstable particle in these channels [19] . derived from the Lagrangian of Ref. [19] and subjected to the unitary transformation method of Ref. [20] . It yields an interaction which is independent of the scattering energy, E = W , and depends only on the relative three-momenta of the incoming and outgoing particles.
In the present model there are 74 interaction mechanisms among the channels πN, ηN, π∆, σN, ρN, ωN, and γN. Figures 1-4 show examples of these explicitly for the terms involving γN, πN, and ωN channels for pion induced and photoproduction amplitudes.
In this work we neglect the contribution of the high-mass a J and f J mesons (except the f 0 /σ(600)). We make the further simplification in the non-resonant hadronic interaction involving the ωN channel of including only those terms which couple the ωN to itself and to πN, that is: introduction of a minimal number of additional bare parameters for the ωN channel while retaining effects from each of the non-resonant s−, t−, and u− mechanisms. In this way, we capture the behavior associated with each mechanism, while maintaining a tractable model.
Equations (3) and (4) represent the bulk of the computational effort required to carry out the coupled channel dynamical approach (at the two-body level). Most of the computer time required (∼ 3/5) is spent evaluating the Born terms. Much of the remainder is spent inverting the matrix representing the scattering wave function, (3) on a momentum grid of 25 Gauss-Legendre points using standard subtraction methods [21] . Convergence has been checked with grids of up to 45 GL points.
A parallel fortran90 code has been developed to cope with the long evaluation times for a single χ 2 evaluation (∼ 100 node·m). It exploits the independence of the partial waves and energies in the evaluation of the T matrix. Typically ∼ 10 3 − 10 4 χ 2 evaluations are required for optimization using the minuit package [22] .
The amplitudes t JT LSM B,ℓπN include partial wave contributions up to and including L = 3 (F -wave). The same is true for the electromagnetic terms except for the t-channel pion center-of-mass energy, W (in GeV) fit to single energy extraction of Ref. [18] .
exchange in Fig.4 (i). In this case, all partial waves are required for convergence. For L > 3 the contribution to the electromagnetic non-resonant amplitude t
is calculated at the Born amplitude level only and neglects the effects due to final state interactions and coupled channels, ie. the second terms of Eq.(4).
The non-resonant interaction depends on the masses of the hadrons and their coupling and cutoff parameters. These values obtained in the five-channel fit of Ref. [19] are shown here in Tables III and IV (other than the mass of f 0 /σ(600) which is a fit parameter), the physical particle masses are used. Form factors are included at vertices in the non-resonant interactions,
Here |q| is either the momentum transferred at the vertex or the relative momentum [23] . We use the value m = 2 at all vertices. 
versus center-of-mass energy, W (in GeV) fit to single energy extraction of Ref. [18] .
B. Resonant contribution
The resonant contribution, t R (E) to the scattering matrix is given as
where the sums Σ i,j run over the resonances in a given partial wave (at most two per channel in this work) and Γ is the dressed vertex function and D
−1
ij (E) is the dressed resonance propagator which depends on the resonance self-energy, Σ ij (E):
The bare vertex functions Γ should, in principle, be calculated from appropriate ab initio hadronic models. This is beyond the scope of the present study. Instead, we parameterize the vertex function in the center-of-mass for the partial wave specified by J, L, S for the hadronic channels as
Here ζ for γp → π 0 p reaction compared to data from Refs. [24, 25, 26, 27, 28] . The center-of-mass energy,
is shown in the upper-right corner of each panel.
The bare electromagnetic coupling for N * → γN for all N * except the first P 33 resonance (number '8' in Tables V and VI) is given by
with Γ
where N * is in partial wave ℓ JT . The form for the first P 33 resonance is shown in the Appendix. The photon momentum at the resonance threshold, q R is M (p)
where the resonance mass is taken from the Review of Particle Properties [35] . The isospin projection of the initial nucleon is T N,z and the helicities are λ γ and λ N . We assume the forms f
2 )
L+2
and g 
III. RESULTS AND DISCUSSION
The first objective of the present study is the simultaneous description of the pion and photon induced single pion and omega meson production data in a coupled channel approach. Refs. [25, 26, 28, 29] . The center-of-mass energy, W (in GeV) is shown in the upper-right corner of each panel.
Recent high precision measurements of ω photoproduction make it possible to strongly constrain coupled channel model reaction theories. The DCS and ω spin density matrix elements (SDME) have been measured at SAPHIR and published [1] and measured by the CLAS collaboration [4, 36] . The only other observable measured is the single polarization observable, the photon beam asymmetry (PBA) Σ ω (θ, E) at GRAAL [2, 3] . We have elected to also include the older π induced reaction data from threshold (∼ 1.72 GeV) to 1.764 GeV from the Nimrod synchrotron [6] and the Alvarez detector data from 1.75 GeV to 2.05 GeV [5] (in 100 MeV bins).
The world data for pion photoproduction measurements of DCS, shown in Figs.10,11 and PBA shown in Figs.12,13 are obtained from the George Washington University Center for Nuclear Studies Data Analysis Center [37] . These high precision data in γp → π 0 p were taken from Refs. [24, 25, 26, 27, 28] for DCS and Refs. [27, 30, 31, 32, 33] for PBA and in γp → π + n from Refs. [25, 26, 28, 29] ( [25, 27, 31, 32, 33, 34] ) for DCS(PBA), respectively.
For the purpose of χ 2 optimization of the data with respect to the bare parameters of the theory a truncated data set of the highest precision data was used which covers as much of Refs. [27, 30, 31, 32, 33] . The center-of-mass energy, W (in GeV) is shown in the upper-right corner of each panel.
the angular range as was available on a per energy bin basis.
In order to accomplish our objective we take as the starting point for this analysis the T matrix determined in Ref. [38] which fits the πN → πN partial wave amplitudes
extracted from observed data by Ref. [18] in the region 1.1 GeV < E < 2.0 GeV in a fivechannel approach, excluding ωN. The non-resonant parameters are fixed and shown in Tables II, III, Refs. [25, 27, 31, 32, 33, 34] . . The resulting fits compared to the existing world data are shown as solid curves in Figs.10-13 .
The overall quality of the fits to the complete set of data are in fair agreement for energies E < 1.65 GeV. The T = 1/2 πN → πN partial wave amplitudes of Fig.5 agree at the 1 − σ level for all partial waves except the two highest. The T = 3/2 partial fits are of similar quality except for the S 11 wave and the P 11 wave at energies E 1.9 GeV. The fits to the photoproduction data are good at low energies but degrade significantly at E > 1.65 GeV especially in the γp → π 0 p reaction. Coupling to the ππN channel is expected to be large here.
Large values of g ωNN have been deduced from studies of the nucleon electromagnetic form factors [39] and various NN studies [40] , [41] . These studies yield a range of 10 g ωNN
20.
Values of this order were assumed for the studies in Ref. [42] though with a strongly suppressing form factor due to a small cutoff, Λ OT L = 0.5 GeV. At early stages of the fit when we attempted to use the values g ωNN , κ ω , and Λ ωNN determined in fits to the πN → πN data the resulting cross sections were too large by one or two orders of magnitude for both π − p → ωn and γp → ωp reactions. In order to reproduce the data within the present model for the limited parameter search which we have performed it was necessary to introduce the non-resonant coupling parameters g t ωNN , κ 
are used for exchanged and emitted s-wave pions. The small value obtained for the g t ωNN coupling is near the result found by the Giessen group's study [12] . The treatment here is certainly phenomenological but no more so than introducing other non-resonant reaction photocoupling is large and could be an important effect in, for example, the electroproduction reaction.
Comparison of the N * → ωN physical masses and branching fractions determined in this work with other calculations (as in Ref. [35] ) require the analytic continuation of the T matrix amplitudes to the physical pole position; this work is in preparation. The prediction for the PBA [44] in γp → ωp
is shown in Fig.15 . Here σ || (σ ⊥ ) is the differential cross section for linearly polarized photons in (perpendicular to) the emission plane of the ω meson. At the lowest energy E = 1.743
GeV a study is made of the sensitivity to the resonance contribution for three cases. The thin-dashed line is the result when all the resonance contributions have been removed. Other curves in the figure show the result when one of three dominate waves is removed. GeV −1/2 ) in Eqs. (13) and (14). The total cross section of the reaction ωN → ωN is of interest for realistic calculations of nuclear matter properties. The predicted total cross section for this reaction is shown in Fig.16 . The scattering lengths obtained from the T matrix are
related to the total cross section at threshold by
The total cross section for γp → ωp is shown in Fig.17 along with contributions from partial waves ℓ T J with significant contributions. The error bars on the total cross section are statistical [1] . Systematic errors are shown in Ref. [1] to be about 10 − 15%. They arise from, among other sources, the extrapolation of the DCS in the forward and backward directions for center-of-mass ω-meson scattering angles θ < 15
• and θ > 150
• . The systematic errors for the DCS from Ref. [1] are largest in the backward direction where the discrepancy from our calculated cross section, as seen in Fig.18 is most pronounced. Nevertheless, the present calculated γp → ωp DCS appears to miss some small angle structure near x ≃ 0.5 above E > 1.86 GeV and x ≃ −0.5 and 0.5 for E ≥ 1.935 GeV, possibly a result of destructive interference effects of some combination of additional higher mass resonances and non-resonant effects not included in this study. [49] IV. CONCLUSION
A dynamical coupled channel model for six-channels has been employed in simultaneous fits of the pion and photon induced single pion and omega production reactions. The πN partial wave amplitudes, unpolarized differential cross sections (DCS) and photon beam asymmetry (PBA) have been fit with χ 2 ∼ 1 for center-of-mass energies from threshold to E < 1.65 GeV. At higher energies, the model is unable to accurately reproduce the data. There are several ways one might attempt to remedy this deficiency. If we work within the present model formulation and keep the same non-resonant mechanisms it is possible that a more thorough search of the parameters may yield a better fit at higher energies. The introduction of more resonances may also yield a better fit. However, for energies W > 1.8 GeV the existing data makes distinguishing non-resonant mechanisms from resonant mechanisms difficult. Particularly useful in this endeavor would be more high precision single and some double polarization observables for both pion and ω-meson production.
Additional mechanisms in the non-resonant terms are sure to contribute, perhaps significantly, to the calculated scattering observables at these higher energies. At the two-body level we have neglected couplings such as v ωN,ηN , v ωN,π∆ , v ωN,σN , and v ωN,ρN . There may also be significant effects from additional mechanisms in the v ωN,γN interaction. We have neglected the effects of t-channel σ exchange, η exchange (generally thought to be small) and
Pomeron exchange in γp → ωp, known to have large contributions at forward angles at high energies. At energies above the two-pion production threshold, the ππN channel contribution can give a significant contribution and must be calculated. This can be accomplished in the present model formulation and is currently under study.
A fair prediction for the ω meson PBA, Σ(θ; E) has been obtained near threshold, shown in the upper-left panel in Fig.15 . At higher energies, W 1.8 GeV the calculated beam asymmetry does not agree well with the shape of the data. This observable is sensitive to both resonant and non-resonant contributions could improve with any of the refinements discussed above.
The present model will be used to analyze the electroproduction data in the region Q 2 5 GeV 2 and the extension to the photoproduction of ρ and φ vector mesons. Photoproduction of ω from nuclei gives information about the spectral function of the ω meson in the nuclear medium [46] . Inclusion of off-shell effects in such an analysis is required and the present model affords a starting point for their inclusion.
APPENDIX: P 33 (1232) TRANSITION FORM FACTOR
The transition form factor for γp → ∆(1232) is taken as [47] Γ 33 3 2 ,p .4) On resonance at the photon point, Q 2 = 0 the G M (0) and G E (0) are related to the value
λ,p in Table V 
